INTRODUCTION
The estimation of pore dimensions and pore networks in soil is one of the most important studies to 2 evaluate the mechanical and hydrodynamic properties for soil science, soil mechanics, geotechnical 3 and geoenvironmental engineering, and petroleum engineering [Carman (1939) , Brooks and Corey 4 (1964) , Topp and Miller (1966) , Bear (1972) , Mualem (1976) , Chatzis et al. (1983) , Dullien (1992) , In fact, it is difficult to define pore dimensions in grains because the pores are surrounded by grains 7 and are thus not isolated. Figure 1 illustrates a pore in spheres. As shown in Figure 1 (a), five 8 spheres surround one pore such that the pore should be defined by nine contacting points. However, 9 the pore space is not closed by the five spheres. The shape of soil particles is not spherical, but 10 rather a complicated shape so the pore dimension is able to be defined based on assumption only. Figure 2 shows the X-ray CT image of a grain sample in two dimensions. The X-ray CT shows the 12 spatial distribution of density, which enables the soil particles and pores to be distinguished. 13 Locally, the longest and shortest length of the pore, as shown in Figure 2 (a), can be measured by 14 using software for image analysis. However, it is partial property of the pore, and the required 15 information is at least a property in representative volume. It should be required not to measure 16 individual pore dimensions by using software, but to estimate them by using a systematic method.
17
Moreover, complicated pores have an aspect ratio as shown in Figure 2 , so the discussion of 18 connectivity of pores will be required for the study of the hydrodynamic issue in soils. The 19 challenge of this paper is to propose an evaluation method for the pore dimensions. 20 
21
Here shall we look back the current technique on the pore analysis. The most popular method for 22 measuring pores in soil is the indirect methods of the mercury intrusion technique (MIT) or the air 23 intrusion method (AIM). These methods are based on the concept that the pore structure assumes a 24 straight tube. Thus, the three-dimensional pore network is not an issue. Through recent 25 developments of the scanning electron microscope (SEM) and non-destructive testing methods such 26 as computed tomography (CT) and magnetic resonance imaging (MRI) the pore structure in soil can 27 be measured directly. In particular, CT is applicable by using rays, for example, sound, ultrasound, The most popular method to evaluate the porosity of porous materials from CT is based on a This paper discusses the evaluation method of pore structure of sand from micro focused CT scan 11 data. In this paper, authors distinguish pore from pore structure. In the first part of the paper, the 12 authors propose the application of the mathematical morphology method for estimating the pores of 13 sand. By showing the analysis results of simple subjects, the usefulness of proposed method will be 14 validated. Next, the importance of the selection of a representative element volume (REV) is 15 discussed for estimating the grain size distribution and the averaged pore index, such as the porosity 16 and specific surface. The authors show there is an optimum REV in this analysis. Based on the 17 above fundamental examination to treat CT data, the authors propose a voxel-percolation method 18 (VPM) to evaluate the pore structure of sand. The estimated results are compared with a water 19 retention curve test, and the effectiveness of proposed method is described. It concluded that the 20 required resolution to evaluate the pore structure is almost equivalent to that for a pore. The final 21 objective of this research is to develop a general method for soils. As a primary research, the 22 evaluation of sand will be treated in this paper because it is natural material and has a uniform grain 23 shape. State-of-the-art technology allows for high-precision and high-speed inspection, permitting new 5 applications in various fields. Figure 3 shows an illustration of the internal view of the 6 micro-focused X-ray CT scanner. The detector is a flat panel detector (FPD), which enables 7 three-dimensional scanning with a cone-shaped X-ray beam. The scan speed depends on the 8 scanning conditions. The sample was placed on the scan table and scanned with the cone-shaped 9 X-ray beam. During scanning, the scan table was rotated to obtain a 360° scan. A back projection of 10 the X-ray attenuation was detected on the FPD. The X-ray CT images obtained were free from the 11 ring artifact normally seen in CT images because the scanner applied a filter function to reduce this 12 during the image reconstruction process. Table 2 lists the scan condition selected for this study. An of x-ray tube voltage of 60 kV and a 15 current of 200 A were chosen, and the focus-to-center distance (FCD) was defined as 24.7 mm; 16 hence the dimension of one voxel is 5×5×5 µm in this study. In general, the scan condition depends 17 on the target of study and the voltage, current and FCD should be variable. The scan conditions 18 selected in this study are not absolute conditions, and each user has to find the best condition to 19 observe the target in each study. Figure 4 shows the photograph of the scan setup in the 20 micro-focused X-ray CT room. To obtain high-resolution images, the specimen must be in close 21 proximity to the X-ray tube, as shown in Figure 4 . The soil tested was Toyoura sand with a dry 22 density of 1.57 t/m 3 (i.e., the porosity was 0.41). The sample was well packed into an acrylic mold 23 with a diameter of 10 mm and a thickness of 1 mm. If the diameter of the specimen is greater than 24 10 mm, for example 20 -30 mm, the center of the specimen is too far from the X-ray tube and 25 high-resolution CT images cannot be obtained because of the loss of focus distance between the 26 X-ray tube and the center of the specimen. There may be some methods of treating image processing of a pore in sand from X-ray CT data. The basic process for image analysis in this study is as follows: As the first step of image analysis, the pore and grain are identified from CT-data. For the operation,
12
the image segmentation method developed by [Otsu (1979) In the second step of image analysis, for each pore which is identified by binary data, the shape is It is likely that the shape of unit element is a square or a circle with a symmetric shape. In this study,
27
the target subject is a pore and the interest is its size. Obtaining the image of a pore from the X-ray
28
CT scanner, the dimensions of the pore can be shown by using the unit element, because dimension 29 of the unit element can be regulated. In this study, the unit element of a sphere is used, thus the 30 element is called the sphere element in this paper. 
where r is a voxel number from the center of the sphere element. As shown in Figure 5 , when r is 1,
9
which is the minimum number, d is 3; therefore, the diameter of sphere element is 3. The diameter 10 increased based on the center inclusion concept, so the diameter of the sphere element should be 11 always an odd number. The more r increases, the more the shape of the sphere structure l becomes The granulometric method can recreate the complicated pore space by overlapping sphere elements 16 with several different diameters. Initially, the smallest sphere element, i.e., one voxel, should be 17 applied to the analysis area, which is a pore space, and it should occupy the entire pore space. Then,
18
the next sphere element with a diameter of 3 voxels, as shown in Figure 5 , is applied same area of 19 pore space, but the next sphere element cannot occupy the entire pore space. Likewise, the entire 20 pore space is scanned by each sphere element and the more complicated the pore shape, the more
21
sphere elements with different diameter will be required. In the granulometric method, the sphere 22 element is overlapped partially; hence, the distribution of pore diameter indicates that the spaces. Finally, all circle elements are overlapped due to the radius of the circle element and the 7 total number of voxel is same as that of the pore space, as shown in Table 3 ; and then, it can be 8 expressed by the following set equation;
where S is the number of voxel as area/volume counted by GIA, B(r i ) is area/volume of the 13 circle/sphere element with a radius from i to n. When i is n, S is equal to the target area/volume. it should be recognized that the diameter of the circle element cannot become a pore diameter 18 directly. Hereby, a definition of pore diameter is required.
19
If the diameter of sphere element is equivalent to the pore diameter, its pore geometry must and (e), was analyzed by GIA and both areas were found to be 19801. For latter case, the two 2) The porosity and specific surface are calculated from the CT-image; 3) Their mean-value and standard deviation of the porosity (n) and specific surface (S sp ) 7 defined by the following equations are calculated; and then, where V pore is a volume of pore, V t is the total volume of specimen and S ps is mean-surface 14 of grains obtained from CT image. 15 
4)
The process from the above items 1 to 3 is continuously repeated due to the enlargement of 16 the calculation region until reaching the relative standard deviation (RSD) which is defined 17 by the equation expressed as the standard deviation divided by mean-value, isless than 1%. is 700, as shown in Figure 7 (a). These images can be obtained from binary images following the 23 image segmentation process. In this study, the Ohtsu method was applied to create binary images.
24
For each three-dimensional image, the porosity and specific surface were evaluated to validate the 25 representative volume. The measured porosity of the specimen was 0.44, and the analyzed porosity Table 4 . The effect of the size of the reference sample is not significant. This 10 observation supports the fact that the 300 voxel size (or 1.5 mm size) sample is larger than the REV 11 when one voxel size is 5 m. 
ANALYSIS METHOD OF PORE-STRUCTURE

14
Pore structure analysis
15
In the process of section 3.2, GIA produces pore by the overlapping of many sphere elements. In 16 this chapter, pore structure analysis based on GIA is described. It is important to consider 17 three-dimensional continuity of the pore in analyzing the pore structure. In this paper, the pore 18 structure analysis method to perform vertical air-entry simulation with the imaged pore from X-ray
19
CT data is proposed. This method is called the voxel-percolation method (VPM) in this paper. For 20 instance, the number of the kind of sphere element is 13, as shown in Figure 11 . For convenience, 21 the images in Figure 11 are drawn in two dimensions; therefore, sphere elements should be called 22 circle elements in the explanation of Figure 11 . In order to start the percolation flow simulation, in 23 this study, the rule for water-drainage process should be as follows:
24
Step 1: The original image is binarized to pore space (white) and soil particles (black) (see Figure   25 11(a));
26
Step 2: The pore space is analyzed by GIA, and thus the distribution of the labeled sphere element 27 can be known (Figure 11 (b));
28
Step 3: VPM starts to find the labeled voxel (herein as 13) of the circle element with the largest 29 radius from the corner of the defined side. As in Figure 11 (c), only the area of the sphere 30 element with a radius of 13 is shown as white.
31
Step 4: Once VPM finds the labeled voxel of 13, it will keep painting those voxels until it 32 recognizes no continuous circle element (Figure 11(c)-(o) ). Likewise, the labeled number of the largest sphere element is scanned to the image treated in Step 2, and so only the 1 voxel corresponding to the largest sphere element is counted.
Step 3 should be repeated 2 until the smallest sphere element is used;
3
Step 5: The results in Step 4 produce the saturation degree by the summation of the counted voxel 4 divided by the number of voxels of the entire pore; and
5
Step 6: The capillary pressure can be evaluated by using Young-Laplace's equation with the 6 diameter of the sphere element. The water retention property of a soil is a typical parameter influenced by pore structure. In this 10 section, the water retention curve can be reproduced by combining GIA and VPM. Based on section sphere elements with different size, and then, all voxels with sphere elements share the same label.
14 By sharing same label, the behavior of voxel seems to flow, as shown in Figure 12 (a) -(f), and this 15 is percolation flow. Figure 13 shows the occupation ratio of the cumulative volume of the sphere In this study, the WRC test for the drainage process could be performed so it was simulated by the 2） Toyoura sand was carefully installed in the mold filled with de-aired water.
1
3）
The sand specimen was left for 24 hours after the regulation of the elevation head of the syringe 2 to lead water drainage at each saturation degree, and then the volume of the syringe was 3 recorded.
4
4） Items 3) and 4) were repeated until no water drainage was observed.
6
The entire test system was set up in the room with the installed micro-focused X-ray CT scanner, the water retention curve (WRC) for drainage can be obtained as an image-analyzed curve. Figure   28 19 presents the comparison of the saturation degree obtained from Figure 18 and that from the 
Discussion
15
The studies which require pore structure, are fluid mechanics, geoenvironmental presents the relationship between the image analysis area and the perforated pore diameter in this 8 study. Figure 22 verifies that the cubic area of more than 300 voxels can provide the constant 
24
This issue poses the definition of pore diameter. As described in section 4.1, VPM considers 25 percolation using cluster labeling based on the connectivity of pore spaces. On the other hand, PDF 26 cannot provide the percolation property. Figure 24 concluded that a reasonable WRC can be 27 obtained from saturation degree and distribution of pore diameter concerned the percolation 28 property. Therefore, it is significantly useful that GIA and VPM can estimate the water retention
29
property based on the geometry of the pore structure without performing a WRC test. 
CONCLUSIONS
32
In this study, a specimen of Toyoura sand was scanned using a micro-focused X-ray CT scanner, porosity, surface area and perforated pore diameter. In particular, it was possible for the porosity 10 and surface area to evaluate the relative standard deviation less than 1 %; 11 2）Results of GIA show that the perforated pore diameter was less than the pore diameter from the air 12 intrusion method (AIM), and was less than 0.068 mm, meanwhile mostly similar pore diameters 
16
3）AIT can estimate pore diameter as a diameter of a pipe and the occupation ratio; however, the 17 spatial information was not included and therefore, it was difficult to assess the water retention 18 curve (WRC) based on pore diameter and its occupation ratio. Meanwhile, the newly proposed
19
"voxel percolation method (VPM)" in this study can distinguish each sphere element by labeling the 20 number based on the diameter of the sphere element and scanning the continuous label. As a result,
21
the connectivity with complex pore spaces can be concerned and therefore, it was available for
22
VPM to provide the WRC close to the measured result.
23
4）It was concluded that the VPM was the better image analysis method, which could estimate the 24 water retention property due to drainage by percolation using cluster labeling (i.e. pore space) and space was obtained by micro-focused X-ray CT scanner.
28
The second, third and fourth conclusions are based on the first conclusion. An appropriate 29 dimension for image analysis should be defined based on the particle diameter and voxel size. In the 30 case using the micro-focused X-ray CT scanner, the greater resolution required, the smaller the 31 sample that should be scanned. In future work, it will be necessary to verify the appropriate 32 dimension (i.e. REV) for several kinds of grains. contribution to this research. Range of vision: 400mm x 400 mm Table 2 Scan conditions used in this study
Power of voltage (kV) 60
Current ( A) 200
Number of views 1500
Number of integration treatments 10
Voxel dimension ( m) x, y, z 5 x 5 x 5
Number of voxels (x, y, z) 1024 x 1024 x 1000 Table 4 Results of REV analysis Porosity, Specific surface RSD < 5 % L > 900 m (or 100 voxels) L > 1800 m (or 160 voxels) 1500 m (or 300 voxels) RSD < 2 % RSD < 1% 
